The purpose of this study was to synthesize granulated nanozeolite NaA particles from Phragmites australis in order to evaluate their efficacy for removal of total petroleum hydrocarbon (TPH). The perennial wetlands grass P. australis was chosen for study because it is one of the most abundant plants found growing around oil refineries. Fourier transform infrared spectroscopy, X-ray diffraction, X-ray fluorescence, scanning electron microscopy, and the Brunauer-Emmett-Teller theory were used for analysis of the synthesized granulated NaA zeolite nanoparticles (NaA-ZNPs). In batch and continuous experiments, such parameters as adsorbent mass, time, column height, flow rate, and pH were studied. The results were obtained by gas chromatography-mass spectroscopy. The optimum state for preparation of granulated nanozeolite NaA particles was found to be a molar ratio of Na 2 O:SiO 2 of 6 in 3 days. In continuous and batch systems, the highest TPH removal efficiency achieved were 97% and 88%, respectively.
INTRODUCTION
The objective of this study was to investigate the possibility of removing total petroleum hydrocarbon (TPH) from wastewater using granulated NaA zeolite nanoparticles (NaA-ZNPs) synthesized from silica extracts of Phragmites australis prepared with the surfactant hexadecyl trimethyl ammonium bromide. Petroleum derivatives in industrial effluents can be adsorbed by naturally occurring plant life (Chehregani & Malayeri ; Esmaeili & Darvish ) . P. australis in various forms has been used for a number of industrial processes, including wastewater treatment (Esmaeili & Kakavand ) .
Development of useful applications of P. australis in treating wastewater is desirable.
Natural zeolite minerals found in many rocks and on seabed surfaces have been used for removal of pollution from air and petroleum (Jacobs et on, but this study is the first to synthesize granular nanozeolite NaA from P. australis ash. This study has significance because P. australis is an abundant resource that grows around many oil refineries (Figure 1 ). Preparation of NaA-ZNPs from this low-cost source is an important consideration for industrial applications.
MATERIALS AND METHODS

Materials
Wastewater containing TPH (pH ¼ 3.6) was obtained from the Bahregan oil refinery in Bushehr, Iran. Sodium hydroxide, sodium aluminate, hydrochloric acid, sodium, clay, alginate, barium chloride, hexadecyl-trimethyl-ammonium bromide, and acetone were purchased from Merck. Deionized water was used throughout this work. BrunauerEmmett-Teller (BET) analysis was used to obtain precise specific surface area evaluation of materials by nitrogen multilayer absorption measured as a function of relative pressure. A HORIBA SA-9600 series surface area analyzer was chosen because it provides quick, fully automated results (Akbari et al. ) . In this study the synthesis of zeolite nanocrystals was performed with hydrothermal heating using a transparent solution and a gel.
Ash produced from P. australis P. australis found growing abundantly near the Bahregan oil refinery was harvested and washed with deionized water until all dust particles had been removed. The P. australis was then washed in 1 M of HCl solution (Merck, Germany) for 4 h. Because organic compounds are eliminated at high temperatures and this experiment necessitated use of inorganic compounds, the P. australis was dried in an oven for 8 h. The resulting ash formed a white powder.
Silica was extracted from P. australis ash according to the method described in the experimental section. By heating the P. australis for 8 h at 800 W C, a white ash was obtained, from which it was possible to extract a highgrade silica. X-ray fluorescence (XRF) analysis was used to determine the purity of the silica extracted (Ghasemi & Younesi ) . See Table 1 for XRF analysis of ash and extracted silica. The P. australis ash was dissolved in an
Figure 1 | Extraction of silica from P. australis for removal of petroleum hydrocarbons using granular NaA-ZNPs.
alkaline NaOH solution and refluxed at 90 W C, causing the following reaction:
In this process, a high temperature needed to be applied until all the compounds had converted to ash. It is important to notice that the ashing temperature for biomass fuels is 550 W C, lower than the typical ashing temperature for coals, which is 780 W C. The reason is that biomass ash contains several volatile elements that may not be present in the laboratory-produced ash if it is combusted at higher temperatures. Thus, high temperatures for ash mean a non-representative ash sample, both in terms of quantity and quality. It is also fairly obvious that ash collected from real-life applications will differ in some extent in composition from the fuel ash prepared in the laboratory.
Silica extracts from P. australis ash
To extract the amorphous silica at a high level of purity, the The final product was dried for 12 h in an oven at 110 W C.
Synthesis of NaA-ZNPs
The following molar composition was used for the synthesis of NaA-ZNPs: (% 98 Merck) was added, and to the second portion 1.3 g of silica obtained from P. australis was added. The solutions of alumina and silica were then mixed together. Crystallinity was achieved in an oil bath at room temperature (25 W C) using a polypropylene reactor at different alkalinity conditions and times ( Table 2) .
Preparation of NaA-ZNP granules
To prepare the NaA-ZNP granules, 2 g of NaA-ZNP powder was mixed in deionized water with 3 g of silicate aluminum clay containing tetragonal silicate and octagonal aluminum to help with removal of sodium from the crystal surfaces. Sodium alginate (2 g, 2 wt %) was added to the mixture (98 g) and stirred while being heated to 90 W C to thicken and bind the mixture. After a gel had formed, the solution was allowed to sit for an hour until any trapped air bubbles had been released. The lump of gel was then separated with centrifugation. The solution was mixed with 0.1 M BaCl 2 using a peristaltic pump for 2 h and the resulting sample annealed for 5 h in an oven at 500 W C to form an adsorption layer on the zeolite surface. Figure 2 shows the NaA-ZNP granulation process.
Surface modification of adsorbents
The cationic surfactant hexadecyl trimethyl ammonium bromide was used to modify the zeolite (200 M per 1 kg zeolite).
Zeolite (3 g) was mixed with hexadecyl trimethyl ammonium bromide (100 mL) in a polyethylene Erlenmeyer container and shaken at 120 rpm for 48 h.
The samples were filtered and washed with a large amount of distilled water until the water output of the filter produced no froth when shaken. The resulting adsorbent was then dried for 72 h at room temperature in polyethylene bottles. The zeolite has a negative charge and thus will not attract the negatively charged pollutant. A cationic surfactant was layered onto the zeolite surface to provide a positive charge that would allow adsorption of the pollutant.
Batch and continuous processes
The parameters of adsorbent mass, time, column height, flow rate, and pH were variously studied in the batch and continuous processes. In the batch processes synthetic wastewater containing TPH was mixed with a shaker at 300 rpm for 5-80 min with adsorbent masses varying from 0.25 to 1.25 g and pH ranging from 3 to 11. The samples were analyzed by gas chromatography-mass spectroscopy (GC-MS). The batch system employed an Erlenmeyer container, while the continuous system used the design depicted in Figure 3 . In the batch system, increasing the pH from 3 to 11 resulted in changes to the adsorbent surface charge, allowing either H þ or OH À ions to attach to the sorbent. Statistical analysis demonstrated that the maximum removal efficiency occurred at pH ¼ 3. The pH used for the continuous system was constant, because for this process actual wastewater was used.
In the continuous processes, a column of 40 cm height and 1.5 cm diameter was used as a fixed-bed reactor. Glass beads were used to adjust the column height for each experiment. Samples were tested at column heights of 10, 20, and 30 cm, and with flow rates of 7.40, 12.33, and 17.26 mL min À1 . Treated samples were analyzed using GC-MS.
Materials characterization
Surface area measurement was made using a conventional BET multipoint N 2 physisorption apparatus (Gemini 2360, Micromeritics Instruments Corp.). The N 2 adsorption was measured using a six-point isotherm in a relative pressure Analyses for major and trace elements Si, Al, Na, Mg, K, Ca, Fe, and P were obtained by XRF at the University of Amirkabir University, Tehran, Iran (Table 1) . X-ray diffraction (XRD) and XRF were used to determine the structure of the zeolite (X-MET8000 XRF Analyzer, Philips PW 1480, UK), as these are two of the fastest ways to obtain quantitative information about zeolites. The analyses were carried out on a Philips PW 1480 XRF spectrometer using 40 mm glass disks and 40 mm pressed pellets for major-and trace-element analyses, respectively. Figure 6 . Based on this analysis, the specific surface area of the NaA-ZNPs was determined to be equal to 210.729 m 2 g À1 . The reduced particle size of the nanozeolites and subsequent larger surface area to volume can be considered as the main reasons for the improvement in adsorption capacity (Mittal et al. ) .
RESULTS AND DISCUSSION
Five different tests for the synthesis of NaA-ZNPs were performed, but due to unsuccessful synthesis for some of the samples, only the results of one sample (3 days with an (Table 1 ). Figure 7 shows the XRD pattern of the NaA-ZNPs produced. (Figure 7(b) ). The average NaA-ZNP particle size achieved was 50-120 nm, obtained using a ratio of Na 2 O:SiO 2 ¼ 6 over a period of 3 days. XRD analysis showed that NaA-ZNPs were not formed at Na 2 O:SiO 2 ratios below 6. With Na 2 O:SiO 2 ratios from 0.9 to 6 (Figure 7 (a)-7(e)), an NaP1 zeolite phase was formed (Figure 7(c) ). This is the reason for the small particle size obtained. SEM was used to study the morphology of the zeolite crystals and the crystal size. With this technique, particle size and particle size distribution can be estimated by direct observation. (See Figure 9 for an SEM image of NaA-ZNPs.)
Time
To observe the effect of time on crystallization, the synthesis gel was prepared at 25 W C and synthesis times of 1, 2, and 3 days were studied. The XRD showed that a larger particle size was obtained at more than 3 days, while in shorter periods of time zeolite crystals were not fully formed, indicating the presence of an amorphous phase.
The optimal time for synthesis of zeolite NaA was found to be 3 days performed at a temperature of 25 W C. In other studies, a relatively rapid phase change resulting in An effective way to measure the specific surface area of a substance is by measuring the nitrogen molecules adsorbed on the inner and outer surface of the adsorbent material. The BET value for the NaA-ZNP powder and granules respectively was 218 and 87 m 3 g À1 , indicating that the total surface area of the NaA-ZNP granules was less than that of the NaA-ZNP powder (cf. Figures 6 and 11) , and implying a reduction in the adsorption capacity of granulated NaA-ZNPs.
NaA-ZNP granule characteristics
Nanoscale, softness, and smaller surface-to-volume ratio are all potential reasons for using zeolite in granulated form. peak, which corresponds to the zeolite phase (Choi et al. ) . This indicates that granulation of the NaA-ZNPs decreases the surface area and increases their stability.
More effective removal of TPH from wastewater thus can be achieved using the nongranular NaA-ZNPs. 
NaA-ZNPs modified by surfactant
Adsorption process
Wastewater containing TPH (pH ¼ 3.6, 278.5 mgl À1 ) was measured with GC-MS. The formula used to assess the bioremoval activity was Y ¼ (X t /X 0 ) × 100, where X t and X 0 were the initial and final ppm of TPH, and the percentage of removal was expressed by (100 -Y ).
Amount of adsorbent mass
Amount of adsorbent is critical to the removal process.
When the amount of sorbent was increased from 0.25 g to 0.5 g the removal of molecules in the wastewater increased due to the increase in surface area and the greater number of vacant sites available for adsorption.
With further increase of adsorbent (greater than 0.5 g), the adsorption efficiency decreased. Presumably this is due to saturation of the exterior surface at higher adsorbent dosages. Figure 13 shows the effect of varying adsorbent dosages on removal of TPH from the wastewater samples. Optimum adsorbent mass in this experiment was found to be 0.5 g. In the present study, it was noted that the amount of adsorbent significantly influenced the extent of TPH biosorption. Other research confirms that adsorbent can be important in the removal of pollution (Esmaeili & Beni ) . The statistical significance of values was assessed using the oneway analysis of variance (ANOVA) test, with data of significance level of 0.05 being considered in this study (F-value ¼ 0.002; see Table 3 ).
Retention time
To evaluate the effect of time on the removal efficiency of TPH from wastewater, 0.5 g of adsorbent was placed in Figure 12 | XRD analysis of granular NaA-ZNPs. The removal increased for the first 10 minutes and decreased thereafter (Figure 14) . At the outset, the higher concentration of TPH in the wastewater allows for a greater number of effective collisions between the TPH particles and the adsorbing material. As time goes on and the adsorbing surface becomes saturated, the access to adsorbing sites reduces. The statistical significance of values was assessed using the one-way ANOVA test, with data of significance level of 0.05 being considered in this study (F-value ¼ 9.138; see Table 2 0.596 --a The sum of squares associated with the three sources of variance -total, model and residual. The total variance is partitioned into the variance that can be explained by the independent variables (regression) and the variance that is not explained by the independent variables (residual). b Degrees of freedom associated with the sources of variance. The total variance has N -1 degrees of freedom. The regression degrees of freedom correspond to the number of coefficients estimated minus 1. c The sum of squares divided by their respective df.
d f-statistic: the mean square (regression) divided by the mean square (residual). e Significant connection: the p-value to tell whether the result is significant. The p value is a probability that ranges usually from 0 to 1; if sig. is less then 0.05, then the effect is significant. When the pH is raised to create an alkaline environment, OH À ions will compete for adsorbent positions and make the surface less attractive to the targeted waste particles.
And in this study the most efficient adsorption of TPH occurred at low pH. Statistical analysis demonstrated the maximum removal efficiency to occur at pH ¼ 3 (Figure 15 ).
In another study using biomass for removal of pollutants from wastewater industrial found pH >3 to be optimal (Esmaeili & Kalantari ) . In other research for removal of wastewater using microorganisms, Verstraete et al.
() found that with an increase of pH from 4.5 to 7.5, bacteriological bioremoval of gasoline from soil doubled. The statistical significance of values was assessed using the one-way ANOVA test, with data of significance level of 0.05 being considered in this study (F-value ¼ 1.288; see Table 3 ).
Bed height
The packed column height had a significant effect on the removal of TPH from wastewater (Figures 3 and 16 ). As the column height increased from 10 to 30 cm, the removal efficiency of TPH increased from 74% to over 88%. The results indicated that 30 cm was the optimal height for TPH removal. Therefore, increasing the amount of contact increases adsorption. The correlation between increased bed height and increased adsorption is to be expected, as the greater bed height provides a higher number of sorption sites and a larger available surface area (Auta ). The statistical significance of values was assessed using the one-way ANOVA test, with data of significance level of 0.05 being considered in this study (F-value ¼ 0.543; see Table 3 ). Figure 17 shows the impact of the input flow rate on the removal of TPH. As the input capacity increased, the removal Table 3 ). Figure 18 shows data of the ANOVA test for all five parameters studied. In the batch experiments three important factors were surveyed: time, pH, and adsorbent amount.
Flow rate
SUMMARY
The greatest efficiency achieved in a batch system was 97%. In the continuous experiments two significant parameters were studied: height and flow rate. The kinetic data, obtained at the optimal pH of 3, were analyzed by pseudo first-order and pseudo second-order kinetic models. The wastewater uptake by NaA-ZNPs was best described by a pseudo first-order rate model. The best efficiency achieved in a continuous system was 88%. Figure 19 shows GC-MS analysis of untreated wastewater and wastewater following pollutant removal by NaA-ZNPs.
Isotherms help to determine the maximum adsorptive 
CONCLUSION
In an investigation into the optimized synthesis of NaA-ZNPs for use in treating wastewater, the effects of several different parameters were studied in detail. The efficiency of TPH removal was found to be a function of time, adsorbent dosage, pH, bed height, and flow rate. The optimal results were achieved using 0.5 g sorbent for 10 min at a column height of 30 cm and a flow rate of 17.26 mm min À1 at pH 3.
Removal efficiency in batch and continuous systems was 97% and 88%, respectively. This indicates the potential to efficiently use natural sources for synthesis of strong adsorbents that can be used to eliminate petroleum pollutants such as TPH.
